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To  investigate  the  structure  of silk  and  its degradation  properties,  we  have  monitored  the structure  of
silk using  scanning  electron  microscopy  and  frozen  sections.  Raw  silk  and degummed  raw  silk  were
immersed  in  four  types  of degradation  solutions  for  156 d to  observe  their  degradation  properties.  The
subcutaneous  implants  in  rats  were  removed  after  7, 14,  56, 84,  129,  and  145  d for  frozen  sectioning  and
subsequent  staining  with  hematoxylin  and  eosin  (H.E.),  DAPI,  Beta-actin  and  Collagen  I immunoﬂuores-
cence  staining.  The  in  vitro  weight  loss  ratio of  raw  silk  and  degummed  raw  silk  in water,  PBS,  DMEM  and
DMEM  containing  10%  FBS  (F-DMEM)  were,  respectively,  14%/11%,  12.5%/12.9%,  11.1%/14.3%, 8.8%/11.6%.ibroin
tructure
egradation
ombyx mori L.
Silk  began  to  degrade  after  7 d subcutaneous  implantation  and  after  145  d  non-degraded  silk  was  still
observed.  These  ﬁndings  suggest  the  immunogenicity  of  ﬁbroin  and  sericin  had  no essential  difference.
In  the  process  of in  vitro  degradation  of  silk, the role  of the  enzyme  is  not signiﬁcant.  The  in vivo  degra-
dation  of  silk  is  related  to phagocytotic  activity  and  ﬁbroblasts  may  be  involved  in this  process  to secrete
collagen.  This  study  also  shows  the  developing  process  of cocoons  and  raw  silk.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Silk is a protein ﬁber secreted by the Bombyx mori L. juvenile
orm, and consists of ﬁbroin [1,2] and sericin [3]. Silk used in bio-
ogical tissue engineering is mainly regenerated silk ﬁbroin [4–15],
r degummed silk [16–19]. Currently, there are only a few reports
escribing the application of raw silk in tissue engineering. A rea-
on for this paucity is the poor understanding of the structure of
ilk. This study examines the assembly process from the ﬁbroin to
he silkworm cocoon and investigates the structure of silk.As a natural biological material, the immunogenicity of silk is
 topical issue for investigation [4–15,20]. The majority of studies
ave used regenerated ﬁbroin, in which the main component is silk
∗ Corresponding author at: Key Laboratory of Freshwater Fish Reproduction and
evelopment (Southwest University), Ministry of Education, Chongqing 400715,
hina. Tel.: +86 23 68253005; fax: +86 23 68253005.
E-mail address: zhangyg@swu.edu.cn (Y.-g. Zhang).
ttp://dx.doi.org/10.1016/j.colsurfb.2015.04.040
927-7765/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ﬁbroin. Consequently, the recognized immunogenicity refers to the
immunogenicity of silk ﬁbroin. No relevant studies have reported
the immunogenicity of silk sericin. Therefore, the present study
aims to investigate the immunogenicity of silk ﬁbroin and sericin.
Degradability is an important property of biological materials.
The degradation of materials includes both in vitro and in vivo
degradation. In vitro degradation experiments are performed in a
degradation solution, with PBS (phosphate buffered solution) being
the most commonly used [17,21,22]. A PBS solution is character-
ized by a stable pH value and osmotic pressure, having no oxidative
properties [23] and no enzymes present. Thus, the degradation of
the materials in PBS relies upon hydrolysis under physiological pH
and osmotic pressure [23]. Plasma is a better choice of degrada-
tion solution for the evaluation of in vitro degradation of materials
[22]. The enzyme in tissue solution also play a crucial role in the
degradation of the materials in animal tissues [10,24]. Therefore,
adding enzymes into the degradation solution will simulate the
in vivo degradation of materials in tissues [18,21]. In this study, four
types of degradation solutions (i.e., deionized water, PBS, DMEM
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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nd DMEM supplemented with 10% fetal bovine serum (F-DMEM))
ere used to investigate the effects on raw and degummed silk
egradation.
In the degradation process, cells play a signiﬁcant role in both
he in vitro and in vivo environments [13,20,25]. At present, only a
ew studies have focused directly on investigating the degradation
echanism of the materials or the role tissue solution and cells
lay during the in vivo degradation process. In this study, raw silk
nd degummed silk were subcutaneously implanted into rats in a
roader attempt to explore the mechanism of in vivo degradation
f silk.
Degradation of degummed silk [17,18], degummed silk-
repared surgical sutures [19], or regenerated silk ﬁbroin
1,2,4–20,25,26] is attributed to the degradation of silk ﬁbroin.
hile the degradation properties of silk ﬁbroin have been the sub-
ect of intensive investigation, the degradation properties of raw
ilk remain unclear. This study aims to elucidate the difference
etween the degradation mechanisms of raw silk and degummed
ilk.
. Materials and methods
.1. Materials
Silkworm cocoons, raw silk, regenerated silk ﬁbroin and pos-
erior silk gland derived ﬁbroin were provided by Bio-Technology
ollege of Southwest University, China. Sprague-Dawley rats were
urchased from the Third Military Medical University of Chinese
LA. Nuclear immunoﬂuorescence kit (DAPI), Beta-actin antibody
nd Collagen I antibody were produced by Gene Tax Co. Fetal calf
erum, PBS and DMEM were produced by Hyclon. Pentobarbital
odium was produced by Merck.
.2. Analytics
.2.1. The morphology of natural silk
Silkworm cocoon and raw silk were observed by scanning elec-
ron microscopy (SEM) (JSM-6510LV), and samples were sliced
nto parafﬁn sections (LEICA RM 2235) or frozen sections (LEICA
M1850) and observed with a biological microscope (Nikon 80i,
mage-pro plus 5.1).
.2.2. Degumming of raw silk
Raw silk was prepared as bundles. Bundles were weighed (BL-
204, SHIMAOZU Corporation, Japan) and immersed in a 0.5% (W/V)
aCO3 aqueous solution. The solution was stirred at 100 ◦C for 1 h
sing a constant magnetic stirrer (type 85-2, Shanghai Instrument
o., Shanghai, China), then placed in deionized water and stirred
t 70 ◦C for 1 h. The experimental procedures were repeated three
imes, and the bundles were removed and dried using ventilation
quipment (CS101-2A BN, Chongqing Immortalized Experimental
nstrument Factory, China) at 40 ◦C.
.2.3. In vitro degradation experiments
Bundles of raw silk and degummed silk were knotted then
rimmed to 10 mm lengths and weighed for further use. Under
septic conditions, one bundle of raw silk or degummed silk
as immersed in a 15 mL  ampoule containing 10 mL  degradation
olution (deionized water, PBS, DMEM or DMEM supplemented
ith 10% fetal bovine serum (F-DMEM)). The ampoule was placed
n biochemical incubator (SHH-2502, Chongqing Immortalized
xperimental Instrument Factory), and cultured at 37 ◦C. An equal
mount of degradation solution without degradation materials was
aken as the control. At 1, 4, 8, 21, 35, 63, 91, or 156 d the materials
ere harvested. The ampoule was shaken and then left standingointerfaces 131 (2015) 122–128 123
for 30 min. The ampoule was  then opened and the bundles were
taken out, dried thoroughly using 40 ◦C ventilation and weighed.
The degradation solution was  stored at −20 ◦C. The weight loss rate
was calculated according to the following formula:
Weight loss(%) = [(initial weight − weight after degradation)/
initial weight] × 100
After ventilation drying the outer surface and cross section of
degraded materials were observed by SEM.
2.2.4. In vivo degradation experiments
The bundles were immersed in PBS containing antibiotics
(250 IU penicillin and 250 IU streptomycin per 1 mL PBS) before
subcutaneous implantation. Twenty adult Sprague Dawley rats
(half female and half male, weighing 200 ± 10 g) were randomly
divided into two  groups. Rats were anesthetized with 3% sodium
pentobarbital 40–50 mg/kg via intramuscular injection. Then mate-
rials were subcutaneously implanted, the wound was sutured and
the rats were returned to separated cages for feeding. At 7, 14, 56,
84 and 145 d after subcutaneous implantation, the implants were
cut into frozen sections and tained with hematoxylin and eosin
(H.E.). The regenerated silk ﬁbroin, silk ﬁbroin from posterior silk
gland and frozen sections of rat skin were directly observed by
laser scanning confocal microscopy (CLSM) (ZEISS LSM200, ZEISS
Observer Z1, Lumen Dynamics X-cite 120Q) at 555, 488 and 405 nm
to determine their autoﬂuorescence as controls. After 129 d, the
implants were cut into frozen sections for DAPI, Beta-actin and Col-
lagen I antibody immunoﬂuorescence staining. The sections were
observed under a CLSM.
3. Results
3.1. Morphology of natural silk
Floss consists of two  monoﬁlaments with each monoﬁlament
composed of silk ﬁbroin and sericin and every two monoﬁlaments
are wrapped by sericin to form a ﬂoss. In the silk reeling process,
each silkworm cocoon provides a ﬂoss, and several ﬂosses consti-
tute a raw silk. Since the reeling is carried out in hot water and
sericin is water-soluble, several ﬂosses bind together by sericin to
form a raw silk.
The area of the monoﬁlament cross sections was  found to have
large variability, with the width ranging from 12 to 20 m and
an average of 18 m.  The width of each ﬂoss ranged between 25
and 45 m with an average value of 42 m. The maximum width
of each raw silk comprised of 22–27 ﬂosses was  95–120 m.  Raw
silk with 24 ﬂosses (48 monoﬁlaments) had a maximum width of
110 m.  In the preparation process of parafﬁn sections, silkworm
cocoons were immersed in 65 ◦C wax  and dewaxed in xylene. Some
ﬂosses were separated into the monoﬁlaments while some sericins
were isolated from the monoﬁlament surface. In frozen sections the
monoﬁlaments maintained the complete structure.
3.2. In vitro degradation of silk
The reduced weight of raw silk was  regarded as the sericin dis-
solved in hot water. The results showed that, the amount of sericin
removed (W/W)  was 16.7–25.0% (n = 12, average value = 18.9%) of
the total weight of raw silk.
Incubation of the raw silk for 1 d in the degradation solution
showed no signiﬁcant degradation symptoms on the surface of
the silk. After 156 d of degradation (Fig. 1a), the raw silk bun-
dle displayed many monoﬁlaments because of the dissolution of
silk sericin. Raw silk degraded in PBS and DMEM were separated
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F n solutions (Water, PBS, DMEM and F-DMEM). (a) Raw silk. (b) Degummed raw silk
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Fig. 2. Weight loss rate of silk during in vitro degradation process when immersed
in four types of degradation solutions (Water, PBS, DMEM and F-DMEM), (SD = 5%
mean ± SD, n = 3). (a) Raw silk. (b) Degummed raw silk (monoﬁlaments). *: The statis-
tics  analysis indicated that the comparison among the different time point in eachig. 1. The surface of silk after 156 d of degradation in four types of degradatio
monoﬁlaments).
nto monoﬁlaments, whereas raw silk degraded in deionized water
nd F-DMEM were partially separated into monoﬁlaments. In the
egradation process, the monoﬁlaments separated from the raw
ilk ﬁlament were not regular on the surface and the monoﬁlament
iameter was smaller. The degree of corrosion (degradation) was
he strongest in the F-DMEM solution, followed by the DMEM,  PBS
nd deionized water solutions.
After 1 d of degradation of degummed raw silk, we  found some
olutes of the degradation solutions on the surface of monoﬁla-
ents, with the exception being deionized water. The solutes were
pparently seen in the PBS group. After 156 d (Fig. 1b), the monoﬁl-
ment surface was notched in the DMEM and F-DMEM group. In the
BS group the monoﬁlament surface exhibited ﬁne corrosion scars.
n the deionized water group, the monoﬁlament surface became
mooth, without corrosion scars and the diameter (12 m)  was
maller than the average width of the monoﬁlaments (12–20 m).
he degree of degradation was the strongest in the DMEM group,
hen followed in the order of F-DMEM, PBS and deionized water
roup.
After 1 d of degradation, except the deionized water group,
he weight of degraded silk bundle in the other three groups was
lightly higher than the initial weight, which was caused by the
olutes adhering to the surface of the degraded silk. The arithmetic
ean of the weight increased was 1 mg,  and this value was sub-
racted from the degraded materials in each group and the data
rocessed (SPSS) (Fig. 2a and b). Fig. 2a shows that at 1 and 4 d
fter degradation the weight loss rate of each raw silk sample was
. After 8 d, the weight loss rate in the DMEM group was still 0. After
56 d of in vitro degradation, the weight loss rate was 14.0% in the
eionized water group, 12.5% in the PBS group, 11.1% in the DMEM
roup and 8.8% in the F-DMEM group. Fig. 2b shows that after 1 d
f degradation the weight loss rate of each sample of degummed
aw silk (monoﬁlaments) was 2.3–6.1%; whereas after 156 d the
ate was 11.0% for samples in the deionized water group, 12.9% in
he PBS group, 14.3% in the DMEM group, and 11.6% in the F-DMEM
roup.
.3. In vivo degradation of silk
The silk bundle was covered with connective tissue after subcu-
aneous implantationand formed a tissue mass. As the implantation
ime extended the mass diameter was observed to gradually
ecrease, and there was no signiﬁcant difference between the raw
ilk group and the degummed silk group. The silk bundle main-
ained the original morphology after stripping the outer connective
issue.
group showed no signiﬁcant difference, p > 0.05 (t-test). **: The statistics analysis
indicated that the comparison among groups at the same time point showed no
signiﬁcant difference, p > 0.05 (t-test).
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.3.1. The number of residual monoﬁlaments of raw silk and
egummed raw silk after subcutaneous implantation in rats
The continuous six frozen sections at lateral 1.5 mm to the knot-
ed site of implanted materials were used for the statistical analysis
f the number of residual monoﬁlaments (Fig. 3). The silk bundle
as consisting of 20 raw silk, and each raw silk contained average
4 silk ﬂosses, that is 480 ﬂosses, indicating that there should be
60 monoﬁlaments contained in the cross section of the silk bun-
le. After 7 d of implantation, there were 912 monoﬁlaments in the
aw silk bundles and 945 in the degummed raw silk bundle resided
n the cross sections. At 145 d, there were 479 monoﬁlaments in the
aw silk bundles and 638 in the degummed raw silk bundle resided
n the cross-sections.
.3.2. Immunoﬂuorescence staining of the silk at 129 d after
ubcutaneous implantation
Raw silk, degummed raw silk, posterior silk gland derived
broin, regenerated silk ﬁbroin and rat skin were directly observed
nder a CLSM as controls. All samples emitted the blue, green and
ed ﬂuorescence at 405, 488 and 555 nm,  respectively. The frozen
ection of rat skin and the mass formed after 129 d implantation
ere observed under CLSM, by DAPI, Beta-actin and Collagen I
mmunoﬂuorescence staining (Fig. 4). Oval or round deep blue par-
icles with widths of <8 m were regarded as cell nuclei within the
ass formed at after 129 d subcutaneous implantation. Monoﬁla-
ents were bright with widths ranging between 5 and 30 m.  The
ed dyed type I Collagen was distributed within the gap between
he monoﬁlaments and the nuclei.
At the surface layer of the mass (yellow arrows in Fig. 4), there
ere more cells and Collagen I distributed without any monoﬁl-
ments. The inner mass (white arrows in Fig. 4) contained many
onoﬁlaments and cell nuclei, and these ﬁlaments emitted strong
uorescence signals. The width of the monoﬁlaments showed sig-
iﬁcant variations.
.3.3. H.E. staining results of raw silk and degummed raw silk
fter subcutaneous implantation in rats
Fig. 5 shows the surface and inner structure of the mass formed
t 7, 14, 56, 84, 145 d after subcutaneous implantation.
After 7 d raw silk implantation, the monoﬁlament, the cells (yel-
ow arrows in Fig. 5) and degraded monoﬁlament (blue arrows in
ig. 5) were observed at the surface of the mass, even the ﬂoss was
ig. 3. The number of residual monoﬁlaments of raw silk and degummed raw silk
fter  subcutaneous implantation in rats. (SD = 5% mean ± SD, n = 6). *: The statistics
nalysis indicated that the comparison between 2 groups and the components in
ach group showed signiﬁcant difference, p < 0.05 (t-test).ointerfaces 131 (2015) 122–128 125
seen (green arrows in Fig. 5). No raw silk was observed. In the inner
mass, individual raw silk maintained the initial state (red arrow in
Fig. 5). After 14, 56, 84 and 145 d, no silk was  found in the raw silk
state and the ﬂoss state was observed. As the implantation time
prolonged, the connective tissue that was used to wrap the mass
became thicker, the nuclei increased, the extracellular matrix also
increased and the silk reduced. The cavity appeared within the mass
and increased with time. A large number of intact monoﬁlaments
were found within the mass.
After the degummed raw silk was implanted into the rats,
the monoﬁlaments were evenly distributed in frozen sections
(Fig. 5). More cells migrated into the degummed silk than the non-
degummed silk (raw silk). The number of residual monoﬁlament
was signiﬁcantly higher than that in the raw silk transplantation
group. After 14 d subcutaneous implantation, the degummed raw
silk was harvested around the knotting site. Due to the different
cut angles during the sliced frozen sections, monoﬁlaments at a
certain lengths were visible in the sections and had degraded into
segments.
4. Discussion
4.1. Immunogenicity of sericin
Since sericin may  have a stronger immunogenicity, silk ﬁbroin
[4–15] or degummed raw silk [17–19] is used in biomedical
research. In this study, raw silk and degummed raw silk were
implanted subcutaneously into ten Sprague-Dawley rats. During
the observation period of nearly ﬁve months, no infection or other
anomalies were found, surgical wounds healed well and a mass
of connective tissue wrapped around the implants. Only the size
of the mass differed slightly between implants. This observation
indicates that silk ﬁbroin and sericin show no difference in the
immunogenicity.
4.2. In vitro and in vivo degradation of the silk and degradation
solution
In the process of in vitro degradation of raw silk, sericin degra-
dation precedes ﬁbroin degradation. In the 37 ◦C deionized water
sample, raw silk educes a portion of monoﬁlaments. This result
indicates that sericin is water soluble at physiological temperature.
Iizuka et al. [3] proposed that silkworm cocoons can be degummed
in 0.04 M NaOH at 30–35 ◦C due to sericin being easily dissolved in
hot sodium carbonate solution [16–19]. Subsequent experiments
of degumming raw silk were based on this principle.
The in vitro degradation of silk ﬁbroin is mainly hydrolysis.
Elliott et al. [1] found that a weak base mediated the hydroly-
sis of the O-peptidyl bond, which leads to silk degradation and
the production of a polypeptide mixtures. Sasaki et al. [2] demon-
strated that silk ﬁbroin can be degraded in a weak base solution,
but this degradation can be reserved by diisopropyl phosphoﬂuori-
date. The pH value of the degradation solutions were slightly higher
than 7, thus, hydrolysis is an important component for degradation.
After 156 d of degradation (Fig. 1), the monoﬁlaments in deionized
water at 37 ◦C showed regular structure, whereas in the other three
degradation solutions the monoﬁlaments appeared notched. These
notches were caused by a loss of structure to the monoﬁlament
rather than degradation and were probably the result of chemical
materials in the degradation solutions [26].Silk and silk derivatives (such as regenerated silk ﬁbroin) have
different internal structures, namely different contents of a˛-helices
and ß sheets[21]. The silk ﬁbroin of natural raw silk and silk ﬁbroin
after degumming [17] have the same internal structure so their
126 B. Liu et al. / Colloids and Surfaces B: Biointerfaces 131 (2015) 122–128
Fig. 4. The frozen sections stained with DAPI, Collagen I and Beta-actin immunoﬂuorescence of the mass formed at 129 d after silk bundles subcutaneous implantation
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eference to color in this ﬁgure legend, the reader is referred to the web version of 
egradation properties are similar, which is different from silk
erivatives.
In vitro degradation of raw silk is a very slow process. Since
he content of sericin in raw silk was 16.7–25.0%, the loss of silk
ericin is the primary cause of weight loss. The material (silk
undle) used for the degradation experiment initially weighed
2 g with a loss of ∼200 mg  after degradation. This conversion
an be explained by the adhesion of solutes in degradation solu-
ion to the ﬂoss surface. In addition, we attempted to detect
he total protein content in the degradation solution (ninhydrin
ethod). However, because the degradation amount was  negli-
ible and the measurement was affected by nitrogen-containing
ubstances in the degradation solution, the obtained data was
nreliable and not provided in this study. Our ﬁndings indicate
hat raw silk degrade most efﬁciently in deionized water, then in
BS and DMEM, and the lowest efﬁciency in F-DMEM. Since the
egradation of silk sericin is the premise of raw silk degradation,
e suspect this order reﬂects the degradation properties of silk
ericin.
Degradation of the degummed silk is mainly considered to be the
egradation of natural silk ﬁbroin. As shown in Fig. 2b, the weight
oss rate of degummed silk was the lowest in deionized water.
xcept for deionized water, DMEM,  PBS and F-DMEM have physi-
logical pH and osmotic pressure, suggesting that pH and osmotic
ressure play a role in deﬁning the rate of the ﬁbroin degradation.
he weight loss rate of degummed silk in DMEM was  higher than
bserved in PBS. DMEM contains calcium chloride, ferric nitrate,
-serine and l-threonine, which are not present in PBS. Conditions
uggest that the chemical composition of degradation solution play
 crucial role in the degradation of ﬁbroin. The weight loss rate of
egummed silk in DMEM was also higher than in F-DMEM. The
erum composition and physicochemical properties are similar to
hat of tissue ﬂuid, which contains a variety of enzymes. In the
resent study, serum decreased the weight loss of silk ﬁbroin. This
eduction may  be because of the proteins in serum or other soluteser of the mass. Yellow arrows: The surface layer of the mass. (For interpretation of
ticle.)
adhering to the monoﬁlament surface, which leads to the observed
decrease in weight. However, enzymes are unlikely to afford a
major role in the degradation process of silk ﬁbroin.
Tissue ﬂuid may  not play a role in the in vivo degradation of
silk. In the subcutaneous implantation experiments, tissue ﬂuid
can enter the implants. Silk is “immersed” in the tissue ﬂuid and
each ﬁlament is in close contact with tissue liquid. If tissue liquid
plays a major role in silk degradation, the degradation of monoﬁla-
ments should be carried out simultaneously. However, after 145 d
of implantation, a large number of intact monoﬁlament ﬁbers were
still present. This result indicates that tissue liquid has no impact
on the in vivo degradation of silk.
Previous studies addressing enzymatic degradation of silk
ﬁbroin are not controversial to our ﬁndings, suggesting that
enzymes have little impact on the degradation of silk ﬁbroin. Kluge
et al. [18] believed that proteases (such as -chymotrypsin or Pro-
tease XIV) reduced the mechanical strength of silk ﬁbroin, but its
hardness was  unchanged. Horan et al. [17] found that degummed
silk degraded more slowly in 1 mg/mL  Proteinase XIV compared
with that in PBS. Pritcharda et al. [10] prepared a sustained release
system using regenerated silk ﬁbroin, and investigated the effect
of EDTA on inhibiting its degradation in the presence of proteinase
XIV, thereby regulating its drug-release rate. Sengupta et al. [20]
explored the effect of steogenic cells on matrix metalloproteinases
and the integrin signaling pathway in an in vitro degradation
process of regenerated silk ﬁbroin. Shang et al. [25] found the
membranous materials prepared with regenerated silk ﬁbroin con-
taining low amounts (17–18%) of ß-sheets were easily degraded
in water after pretreatment with proteinase XIV and co-culturing
with ﬁbroblasts (human corneal ﬁbroblasts). These conclusions are
in agreement with our ﬁndings, because regenerated silk ﬁbroin
[4–12,14,15,19,20,25] has a different inner structure and degrada-
tion properties to that of natural silk ﬁbroin. Furthermore, serum
contains a variety of enzymes that play synergic and antagonist
actions.
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Fig. 5. H.E. staining frozen sections of the mass formed after silk bundles subcutaneous implantation in rats. Yellow arrows: Cell nuclei. Blue arrows: Degraded monoﬁlament.
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The results of this study suggest that PBS is the optimal choice
f degradation solution for studying in vitro degradation properties
f biological materials. In general, PBS is the most commonly used
olution for degradation [17,21,22]. PBS has a stable pH value and
smotic pressure, without oxidation agents or any enzymes, so the
egradation of the materials in PBS represents hydrolysis under
hysiological pH and osmotic pressure [23]. The easy detection of
itrogen-containing degradation products shows that PBS is the
deal degradation solution.
.3. Role of cells in silk degradation
The silk degradation after subcutaneous implantation is mainly
haracterized by the phagocytosis of cells. Fibroblasts may  be
nvolved in this process and secrete collagen. Rat skin is composed
f epidermis, dermis and subcutaneous tissue. The epidermis con-
ists of epithelial cells, whereas the dermis consists of ﬁbroblasts
nd collagen. As shown in Fig. 4, we found cells and Collagen I
ithin masses formed after 129 d implantation of raw silk and
egummed raw silk. In animal tissues, collagen is generally pro-
uced by ﬁbroblasts. In comparison, the cell nuclei within masses
ere similar to the dermal ﬁbroblasts with respect to shape and
ize, indicating that the cells within masses are possibly ﬁbroblasts.
uring the in vivo degradation, notched monoﬁlaments were found
n cross-sections showing signiﬁcant differences when compared ﬁgure legend, the reader is referred to the web version of this article.)
with the cross-sectional morphology and width of normal monoﬁl-
aments. The notch was  found at the boundary and the width was
reduced. The cell nuclei at the surface of the monoﬁlaments were
also visible. These phenomena suggest that the cells degrade the
monoﬁlaments through phagocytosis.
Raw silk and degummed raw silk were rapidly wrapped by
connective tissue after implantation. In these masses, the degra-
dation of silk occurred from the interface between the tissue and
the implant, and worked toward the inner part of the implant.
The degradation rate of raw silk was signiﬁcantly higher than that
of degummed raw silk. Silk degradation mediated by cells was
simultaneously carried out on multiple sites along the silk ﬁbers.
Thus, the silk was degraded into sections. Moreover, the number of
residual monoﬁlaments in mass sections obtained from different
positions varied, i.e.,  the statistical randomness in Fig. 3. Overall,
the raw silk degraded more rapidly than the degummed raw silk
in the sections harvested at different time points (Fig. 5). This dis-
crepancy can be explained by sericin mobilizing the degradation
behavior of cells more efﬁciently.
After 7 d subcutaneous implantation, we  found completely
degraded monoﬁlaments after 145 d there were still a large number
of monoﬁlaments that were not degraded. This evidence suggests
that the in vivo degradation of silk is not a uniform process, which
is related with cell mobilization. Further studies are needed to elu-
cidate this mechanism.
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. Conclusion
There are no signiﬁcant differences in the immunogenicity of
ilk ﬁbroin and sericin. In vitro degradation of the silk based on
ydrolysis and enzymatic action is unclear. The ﬁbroblasts play the
ost important role in the in vivo degradation of silk, whereas
broblasts may  be involved in the secretion of collagen. In vivo
egradation is not a uniform process, and it is related to cell mobi-
ization.
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